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1.  INTRODUCTION 

Oiierational  reliability  of  circuits  continues  to  be  a problem  of 
major  importance,  particularly  in  military  electronic  systems,  but  also 
in  commercial  systems.  In  recent  years,  emphasis  has  been  placed  on 
acluevinj;  increased  reliability  through  fabrication  of  improved  devices, 
yet  the  manner  of  use  of  the  device  in  a circuit  can  have  a substantially 
greater  effect  on  the  ultimate  reliability  of  the  combination.  Ihis  fac- 
tor is  too  frequently  overlooked;  it  is  assumed  that  circuit  design  prob- 
lems have  long  been  solved  and  that  design  rules  are  properly  followed. 

Too  frequently,  circuit  failure  is  blamed  on  device  design  or  poor  de- 
vice specifications  because  the  device  is  one  of  the  most  delicate  links 
in  the  system.  Although  recent  trends  toward  integrated  circuits  and 
large-scale  integration  have  relieved  the  problem  in  some  respects,  because 
much  of  the  circuit  is  built-in,  this  problem  remains  severe  with  power 
dev  ices . 

The  natural  tendency  of  the  circuit  designer  in  maximizing  circuit 
performance  is  to  use  the  maximum  voltages  consistent  with  device  speci- 
fications. While  on  the  surface  this  assumption  appears  reasonable,  it 
typically  ignores  some  fundamental  and  perhaps  subtle  limitations.  In 
this  paper,  the  basic  factors  involved  in  active  circuit  design  are  re- 
examined from  fundamentals,  leading  to  simple  and  straight-forward  ways 
to  assure  that  the  inherent  characteristics  of  solid-state  devices  and 
their  associated  circuits  are  properly  used.  Specific  examples  arc 
provided  for  illustration  of  the  use  of  the  concepts  and  the  benefits 
which  can  be  derived.  Although  emphasis  is  placed  on  solid-state  devices, 
electron  tubes  are  also  considered  because  of  their  continued  importance 
in  power  circuits.  Fortunately,  the  basic  principles  which  must  be  ap- 
plied are  nearly  identical. 


II.  BASIC  DESIGN  FACTORS 

Present  circuit  design  procedures  for  bipolar  transistor  application 
are  generally  focused  around  the  current  gain  (beta),  and  stage  voltage 
gain  tends  to  be  ignored.'  This  has  several  disadvantages.  If  in 
this  design  procedure,  the  supply  voltage  selected  is  too  high,  an  in- 
cipient run-away  condition  can  exist.  Voltage  gains  in  excess  of  about 
10  to  20  per  stage  overall  then  may  lead  to  phase  instability,  excess 
phase  shift,  or  actual  oscillation.  Additionally,  the  circuit  design 
depends  (through  beta)  on  a derivative  with  respect  to  a small  differ- 
ence between  two  large  numbers,  the  collector  and  emitter  currents.  In 
any  case,  this  approach  leads  to  a condition  where  current  runaway,  and 
thus  device  failure,  are  both  possible. 


^R.  D.  Middlebrook,  An  Introduction  to  Junction  Transistor  Theory, 
.John  Wiley  and  Sons,  1957. 
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IVo  (.‘ons  ivk'f  liorc  ;i  il  i ri'i'fL'nt  npjirojch  to  opt  iiiii  i’.  i ii^  thu  in 

which  tlK'  importance  of  beta  is  itreatly  reduced.  In  genera),  thi‘.  de- 

sign aiiproach  provides  reduced  circuit  voltages  and  at  most  a slight 
loss  in  power  out|nit,  hut  a consideralily  reduced  jiower  d i ss  i |)at  i on  and 
iiiijiroved  circuit  stability,  and  hence  increased  rel  i.ihi  1 ity . 

All  solid-state  two-port  amplifiers,  including  standard  hi gh- vacuum 
I electron  tubes  can  he  represented  in  terms  of  the  libers-Moll  e((uations 

^ which  are  a siiecial  case  of  the  equations  for  an  admittance  two-port. 

[ fhe  I'.hers-Moll  eciuations  provide  a simple  way  to  calculate  the  voltage 

I gain,  aTid  in  fact  the  approjiriate  equation  for  the  simplest  resulting 

[ circuit  takes  the  form  for  the  elementary  amplifier  (see  Appendix  A for 

der i vat i on) : 

K = kM  Z,  = g Z,  ( 1 j 

V c L *^m  L 

. where  kappa,  k,  is  the  transconductance-per-unit-current  efficiency,  A 

is  (i(/k'l),  is  the  collector  current,  and  Zj  is  the  load  impedance. 

With  bipolar  transistors,  the  value  of  kappa  is  approximately  unity, 

I and  the  value  of  lambda  is  39  mhos  per  ampere.  None  of  these  parameters 

I is  a function  of  beta,  and  none  of  them  depends  sensitively  on  small  dif- 

I ferences  of  large  numbers.  fhe  restriction  on  beta  here  is  that  it  be 

I above  a specified  minimum  value. 

It  can  be  shown^  that  the  approximate  value  of  supply  voltage 
required  to  achieve  proper  operation  of  an  amplifier  in  the  common  cmi ttcr 
I (source,  cathode)  mode  of  operation  is  defined  by  the  equation: 

i |V^J  - (K)'^  (2) 

where  is  the  collector  supply  voltage.  For  the  common  base 
; configurations: 

I (V^J  - 7.5  (K)-’  (3) 

These  equations  may  also  be  applied  to  field-effect  transistors  and  to 
electron  tubes. 

A key  point  to  remember  here  is  that  the  power  handling  ability  of 
a bipolar  transistor  as  an  RF  amplifier  is  basically  and  severel)’  lim- 
ited as  a consequence  of  its  high  value  for  kappa,  even  in  the  common- 
base  configuration.  The  effect  of  this  basic  limitation  is  frequently 
1 observed  in  practical  circuits,  but  its  cause  is  not  always  recognized. 

' This  point  may  be  shown  as  follows: 


2 

K.  A.  Pullen,  The  Enhancement  of  hlectronics  Reliability  Through  the 
Use  of  Transconductance  Efficiency,  AMSAA  Technical  Memorandum  No. 
123,  1972.  AD  7,38535. 


! 

I 

■ Consider  the  common-base  configuration.  Here  the  emi tter-to-col 1 cctor 

! voltage  gain  may  be  as  largo  as  75  to  100  for  an  overall  gain  of  ten  if 

j the  circuit  is  properly  configured,  l-'or  a peak  collector  current  of  JO 

* amperes,  the  forward  lintrinsic)  admittance  may  be  as  liigli  as 

I for  a maximum  tuned  impedance  (loaded)  of  0. 1 ohm . Consequently,  an  out 

|iut  circuit  may  have  to  transform  load  impedances  between  0.1  ohms  and 
50  olims ! The  peak  power  input  is  200  watts  with  a collector  supply  of 
ten  volts  (this  assumes  that  0.4  ohms  may  actually  be  used  as  an  output 
impedance  without  instability  --  somewhat  doubtful  at  least),  for  an 
average  of  less  than  100  watts.  At  60  percent  efficiency,  one  can  expect 
at  most  fifty  to  sixty  watts  to  be  available.*  This  is  observed  in  prac- 
tice. Accordingly,  the  circuit  should  be  designed  in  a manner  poten- 
tially least  destructive  to  the  device  rather  than  for  achieving  the 
maximum  power  theoretically  possible.  (The  final  stable  power  output 
differs  little  in  either  case!) 


This  limitation  is  not  faced  with  tubes  because  of  the  very  low  values 
of  kappa  normally  encountered.  Supply  voltages  as  high  as  10  kv  are 
often  used,  and  the  kappa  values  for  devices  used  under  these  conditions 
-3  -4 

will  be  between  10  and  10  , depending  on  the  mode  of  use.  For  a peak 

plate  current  of  20  amperes  again,  the  power  input  to  such  a tube  can  be 
as  high  as  200  kw,  with  an  RF  power  output  of  approximately  50  kw.  Field- 
effect  transistors  can  potentially  generate  power  to  1 kw  per  device  if 
current  capacity  and  voltage  breakdown  problems  can  be  solved. 

It  should  be  realized  that  both  electron  tubes  and  FHT  devices  have 
regions  of  operation  under  which  their  values  of  kappa  do  approach  unity. 
With  tubes,  this  mode  of  operation  has  been  called  "starved"  operation. 
With  FET  devices,  it  is  the  operating  region  in  whicli  the  potential  jump 
across  the  Debye  region  provides  the  field  controlling  carrier  flow  in 
the  channel.  This  diffusion  mode  can  control  the  operation  of  FET  de- 
vices for  up  to  five  orders  of  magnitude  of  drain  current.^ 

In  practical  applications,  all  feedback  paths  that  might  affect  the 
transconductance  should  be  considered.  One  might  think  that  the  net 
effective  transconductance  is  the  prime  factor  limiting  allowed  voltage 
gain.  This  can  be  true  if  the  principal  feedback  path  is  essentially  at 
the  external  terminals  of  the  device.  Since  it  can  be  across  the  base- 
collector  junction  as  well,  it  may  be  that  the  peak  transconductance  at 
the  junction  itself  is  the  limiting  factor.  (With  high-injection  condi- 
tions in  the  NPN  transistor,  it  may  be  at  the  external  terminals  as  a 
consequence  of  the  increase  in  transconductance  due  to  minority-carrier 
concentration  variations.) 

*This  applies  unless  internal  stabilization  is  achieved  with  emitter 
stabilizing  resistances. 

^L.  Evans  and  K.  A.  Pullen,  Limitation  of  Properties  of  Field-Effect 
Transistors,  Proc.  IEEE,  Vol.  54,  p.  82,  1966, 
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Wi'  will  now  lulJi'oss  sonic  related  design  factors.  first,  if  one  doe- 
reduce  the  voltaj>e,  is  there  sufficient  sij;nal  drive  for  the  next  sta>;e'.' 

In  I'eference  to  I’nuation  2,  if  kaiipa  is  approximately  unity  for  a l)i- 
polar  transistor,  a supply  voltaye  of  only  one  volt  greater  than  the 
device  saturation  voltage  will  satisfy  typical  reipi  i renicnt  s . With  bi- 
polar transistors,  as  with  simple  diodes,  a 200  millivolt  change  in 
voltage  applied  across  the  input  Junction  will  cause  over  two  thousand 
t inies  change  in  device  current.  As  long  as  the  voltage  from  collector 
to  emitter  on  a transistor  exceeds  the  saturation  voltage  by  even  a few 
hundred  millivolts,  the  transistor  will  amplify  as  well  in  most  applica- 
tions as  it  would  wirh  five  or  ten  volts  applied. 

Second,  luirmall)'  in  using  higher  voltages,  a high  value  of  Z|  is 
used  to  provide  impedance  matching.  In  tiiis  approach,  Zj  must  be  low- 
ered to  keep  the  voltage  gain  down,  or  instabilit)’  at  least  results. 

I'he  limitation  of  the  voltage  gain  per  stage  to  approximately  a given 
\alue,  for  example  ten,  requires  limiting  the  effective  value  of  Z| . 

Ihis  is  sometimes  done  intentionally,  but  frequently  occurs  accidentally. 
I'xamination  of  many  typical  commercial  or  military  linear  (including 
class  C)  amplifiers  processing  high-frequency  signals  shows  quickly  that 
there  is  usually  one  amplifier  stage  for  each  decade  of  voltage  gain  for 
Rf  and  If  small-signal  amplifiers.  When  design  is  based  on  beta  and 
matched  iiowcr  gain  (the  usual  procedurel  , it  is  necessary  to  use  in|nit 
loading  from  a following  stage  to  reduce  the  voltage  gain  from  as  much 
as  several  hundred  to  a thousand  down  to  the  safe  value  of  ten  to  tuent>. 

for  a "super-beta"  transistor  inserted  in  a typically  designed  cir- 
cuit, circuit  oscillations  can  easily  result,  and  can  be  incorrectly 
blamed  on  the  transistor.  The  circuit  should  be  designed  with  a lower- 
impedance  output  circuit  having  the  proper  "Q"  value.  Then,  an>'  tran- 
sistor having  a beta  greater  than  five  or  ten  probably  would  work  as 
long  as  its  f^  (alpha  cutoff  frequency)  was  high  enough.  In  addition, 

the  circuit  would  have  the  design  amount  of  gain,  because  the  stage  would 
be  designed  to  use  a stabilized  level  of  output  current  and  the  ajipropriatc 
level  of  impedance,  and  its  gain  would  not  even  be  degraded  b\’  a nuclear 
event  as  long  as  the  post-event  beta  exceeded  a selected  design  minimum. 


m.  niiSKlN  PROCfDURE 

The  design  procedure  for  discrete  transistor  amplifier  circuits 
should  be  based  on  the  following  steps: 

1.  Selection  of  the  desired  output  load  impedance 

2.  Selection  of  the  desired  output  current 

s.  Design  of  the  bias  circuit  to  provide  selected  output  current 
1.  Selection  of  the  appropriate  base  supply  voltage 
S.  Selection  of  the  appropriate  collector  supply  voltage 
().  Design  of  linear  networks  for  use  with  the  device 
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In  sonii'  iiistaiK'e'S,  st(.'|)s  i>nc  and  two  must  lit-  leviasod  in  ordir  or  doin- 
s i mu  1 1 aiu'ous  1 ) . 

Kodiii.- 1 i on  of  lioat  dissipation  t liroiigli  induction  ol'  supply  '.oltajp- 
lor  t lu'  I’.utput  port  of  an  active  device  reduces  the  amount  of  loojin;, 
re(|uired  and  can  peniiir  tlio  sealiiij;  of  the  unit  against  dirt  and  nioi  tuie. 
Since  input  powci  is  reduced,  battery  1 i I'e  for  |)ortable  units  can  la- 
increaseil  substantially.  Likewise,  the  ability  to  survive  nuclear  events 
can  be  increased,  particularly  if  a small  wire-wound  decou|)ling  resi  ,tor 
is  used  as  a current  limiting  device  for  the  active  devices,  wiiich  can 
look  like  short-circuits  during  an  I'vcnt . 

If  the  "1-I;T"  resistor  isn't  used,  two  jiower  sujtjilies  are  required. 

Ibis  is  not  a disadvantage  because  of  the  reduced  power  requirements, 
and  hence  lower  cost,  of  each  power  supply.  The  base  sujiply,  with  typ- 
ically ten  volts  available,  is  required  to  provide  less  than  a tenth, 
often  less  than  a twentieth,  as  much  current  as  is  recjuircd  b>’  the  col 
lector  circuit,  whereas  the  collector  supply,  providing,  most  of  the  cur- 
rent, need  supply  only  a tenth  to  a fifth  as  much  voltage.  As  a result, 
the  total  net  power  required  is  from  10  to  25  percent  of  the  usual  total 
power.  Good  filtering  is  required,  but  little  if  any  special  regulation. 
Thus,  the  two  power  supplies  need  not  cost  more  than  the  single  supjil) , 
and  the  benefits  from  better  circuit  operation,  less  cooling  required, 
and  improved  reliability  are  "free." 

Both  the  input  signal  voltage  required  and  the  collecioi-  Mr.iin, 
plate)  supjily  voltage  rccjuired  for  an  active  device  arc  a function  ot  the 
transconductance  efficiency,  as  shown  in  I'.cpiation  2.  Where  rnaxjniuni 
separation  of  signal  from  noise  is  required,  use  of  devices  with  a ma.ximum 
possible  kappa  is  indicated,  as  this  gives  the  maximum  transconductance, 
and  gain,  for  any  level  of  current.  (Noise  level  is  largel)’  current- 
dejiendent.)  It  should  lie  noted,  however,  that  s|iace-charge  effects 
help  to  minimice  noise  with  both  electron  tubes  and  li'f  devices. 

Where  maximum  power  output  is  required,  the  use  of  devices  with  cor- 
respondingly reduced  kappa  values  is  indicated.  In  fact,  one  will  find 
that  with  most  high-power  two-port  electron  tubes  ftriodes,  tetrodes, 
pentodes),  the  recommended  control  supply  voltage  is  within  roughl.v  a fac- 
tor of  two  of  that  defined  by  liquation  2. 

A key  relationship  in  selecting  tubes  for  a given  circuit  design  is 
as  follows.  For  tubes,  the  output  currenf  is  stronglv  dependent  on 
cither  the  output  supply  voltage  (the  triode  tube)  or  the  voltage  on  an 
auxiliary  power-control  electrode  (the  screen  grid  for  rcti'odc.'.  and  pen- 
todes). Accordingly,  the  power-handling  capability  for  the  tulu'  is  de- 
termined by  the  rate  of  change  of  output  current  with  either  output 
voltage  or  the  auxiliary  electrode  voltage.  fhe  amplification  factor 
should  not  be  the  prime  consideration  for  tube  clioice,  but  insteail  the 

ability  to  pass  current  as  measured  bv  g and  g must  be  considered. 

' m ^p 


llu'  1 m|'oit  .itiiH-  ol'  I li  i ^ ^^liovvii  III  T.iiili's  I ;iii(l  M (or  trimic  .iiul 
|H'iU  oili"; . Throo  trioJi’S  ;ii'i'  listed  in  T.ihlr  I,  .ill  ol'  tlicin  li.u'iiij'  the 
s.iiiK'  niiip  1 i r k'.i  t i on  •'notor  ;iiul  .iluiiit  t lu-  saiiif  pouci'  il  i o.  i |i.'i  t i on  ,'i  I ( lioo;'li 
Croat  1\  il  i rt’oront  oiit|nit  power  e.ip.ili  i 1 i t i es  : 


Talile  1.  Triodc  Power  (l.apabi  I i t i es 


Tube  r>j'e  .\umbei' 

.\raj)  1 i f i ca  t i on  I'a c t o r 

g 

'.P 

Ol'  1 . 1 :.\1I7 

JO 

J.SOO 

mi  cromhos 

1 JBir 

JO 

8000 

.•^.10 

III  1 c romhos 

.sos: 

JO 

1 2.800 

01.8 

mi  cromhos 

The  values  c'von  are  tabulated  at  zero  grid  bias  and  half  of  peak  power 

dissipation.  lablc  II  is  a similar  table  for  pentodes,  but  it  shows  the 

range  of  cliaraeterist ics  for  several  useful  tubes.  Whereas  the  important 

parameter  defining  power-handling  abilit)-  for  triodes  is  jilate  eonduet- 

anee,  for  tetrodes  and  pentodes  it  is  screcn-to-plati'  transeonductanee , 

g T The  g and  g , in  these  tables  are  the  transconductances  from  the 
^ml 

control  grid  to  jtlate  for  the  respective  tubes.  The  values  of  are 
calculated  for  the  desii'ed  outjnjt  voltage. 


I'able  I 

1 1 . Pentode  Power 

Tapab i 1 i t i es 

Tube  r>pe 
.Number 

^ml 

Ideal  .Screen 

Vo  1 tage 

1) pica 

{ 1 00  \ 

' =1. 
out  1 

OBI  1(1 

5000 

lit)  micromhos 

95  volts 

8000 

ohms 

OAKS 

7000 

220  micromhos 

95  volts 

"(100 

ohms 

5(i8(i 

.1750 

420  micromhos 

130  volts 

3300 

ohms 

OCkO 

12500 

504  micromhos 

110  volts 

2500 

ohms 

OJio 

14000 

KiJO  micromhos 

80  volts 

1330 

ohms 

()BQor 

1 1000 

1980  mi cromhos 

(i5  volts 

1 J50 

ohms 

ongoA 

9000 

3470  micromhos 

70  volts 

800 

ohms 

O' 

IbOOO 

5400  micromhos 

()0  VO  1 1 s 

4 JO 

oh' 

(dearly,  the  lower  the  rccjuircd  load  imiiedance  which  must  be  accejited 
for  a given  voltage  output,  the  farther  down  this  table  one  should  make 
his  selection. 


In  adtl  i t i on , ;i  set  of  typical  triode  and  a sit  of  ()ctitode  curves 
designed  to  make  o^)tiimim  use  of  t ransconjiiciancc-type  data  are  sliouii  in 
fiitiires  1 and  J ’ ’ These  curves  have  been  infoniialion  etiy,  i rnered , as 
have  the  coi'respond  i ng  transistor  cuj'ves,  to  inn,\iiiiiie  east-  ol'  mm-  mI'  i 's 
data  in  effective  desij;n,  figure  T.*' 

It  is  noteworthy  that  Zj  determines  tlie  frequency  limit  in  cir-uit-. 

sucli  as  the  vertical  deflection  circuit  for  an  oscilloscope.  Whili  tuhe- 
such  as  the  hCLh  have  been  used  extensively  in  this  application  it  can 
be  seen  from  fable  1!  that  this  may  not  be  the  optimum  choic' . 

With  typical  circuits,  the  output  capability  of  tlie  circuit  .aries 
with  tlie  value  of  the  appropriate  power-control  voltage  as  shown  in  fig- 
ure 4 for  ordinary  amplifiers.  As  can  be  seen,  tiie  output  power  avail- 
able rises  to  a certain  value,  then  levels,  whereas  the  input  jtower  con- 
tinues to  increase.  (The  difference  in  power  scales  should  be  noted. J 
With  frequency  multipliers  based  on  electron  tubes,  the  output  capa- 
bility can  vary  as  shown  in  Figure  5 as  a consequence  of  the  fact  tint 
the  conduction  angle  in  the  active  device  may  increase  rajiidl)'  with  an. 
increase  of  the  power-control  voltage.  At  the  peak  power  point,  the 
conduction  angle  at  the  output  frequency  is  180  degrees.  In  all  cases, 
the  power  input  increases  at  least  linearly  with  the  increase  of  power- 
control  voltage.  With  electron  tubes,  it  usually  increases  at  tlu-  Z . 0 
exponent  with  respect  to  the  control  voltage,  (ilearly,  oiitimuin  power 

efficiency  occurs  near  a supply  voltage  defined  by  (k) 

IV.  DESIGN  EXAMPLES 

Example  1.  A 10.7  MHz  IF  Amplifier  - overall  stage  gain  of  ten. 
Design  both  by  the  standard  technique  (matched  impedances i and  using 
the  transconductance  technique.  The  circuit  configuration  is  shown  in 
Figure  b,  and  typical  device  curves  in  Figure  3. 

Assume  B > 20 

k =10  desired 
\' 

Q,  = 100 


^k.  A.  Pullen,  Conductance  Curve  Design  Manual,  John  F.  Kuler  f uli  1 i sher , 
Inc.,  1959. 

^K.  A.  Pullen,  Conductance  Design  of  Active  Circuits,  .lohn  F.  Ruler 
Publisher,  Inc.,  1959. 

*^k.  A.  Pullen,  Reliable  Military  Electronics,  AMCP  70h-lZl.  19’(u  \lnv 
be  obtained  from  DDC  or  NTIS.  This  is  an  update  of  k.  A.  Pullen, 
Handbook  of  Transistor  Circuit  Design,  Prentice-Hall,  Inc.,  19b2. 


Take:  1 = 1 .0  ma. 

c 


f =10.7  MHz 

=1  volt,  10  volts 
cc 

V,  , = 10  volts 
bb 
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MILLIAMPERES 


ERES 


■■■ 

1.7  WATT 

mtm 

0 1 

eb/  E 

2 : 
c2 

.85  WATTv 

P 1.7  WATT:  P 0.5  WATT 

BASE:  1-Gi  2-K  3 4-F  5-P  6-G2  7-K-G3 


Fi!>urc  2.  Typical  I'cntodc-  luln'  Augmented  i.iirvts 


OUTPUT 


UNO  »ad  - indNi  a3MOd 


lo 


CO 


CM 


to 


^ o 

ilNfl  d3d  - indino  a3MOd 

Figure  4.  Sample  Power  Input  and  Output  Curves  as  a Function  of 
Power  Control  Voltage  --  Linear  Amplifier 
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POWER  CONTROL  VOLTAGE  LEVEL  - PER  UNIT 


ilNfl  2)ad  - indNI  a3MOd 


i 


Figure  5.  Sample  Power  Input  and  Output  Curves  as  a Function  of  I’owcr 
Control  Voltage  --  Frequency  Multiplier 
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POWER  CONTROL  VOLTAGE  LEVEL  - PER  UNIT 


Tal)  1 c-  III.  Ml'S  i j^ii  Ma  I a 


(iase  1 

Case  2 

I’.i  I'amctcr  Results 

(V  = 1 VI 

cc 

tv  - 10  V 1 

cc 

On  11'. 

“1, 

250 

10000 

ohms 

'b 

< 50 

- 50 

m i c romhos 

R 

0 

50 

50 

ohms  (bypassed 

2.5 

100 

ohms 

1, 

0 . 04 

1.0 

mi  crohenry 

0 

6400 

160 

pi  CO fa  rads 

Unloaded  K 

V 

10 

400 

loaded  bandwidth 

for  K =10  As 

V 

designed  40  times  dcj 

1 i gn  width 

Although  the  design  values  for  I.  and  C for  case  one  appear  difficult  to 
obtain,  the  tuned  circuit'  can  use  a tapped  coil,  with  the  inductance  to 
the  tap  being  the  rated  value.  Then  the  overall  inductance  can  bo  in- 
creased, say  by  four  or  more  times,  and  the  capacitance  correspondingly 
reduced . 


Several  clear-cut  advantages  result  from  the  above.  First,  loading 
from  the  following  amplifier  will  have  negligible  effect  on  the  stage 
gain  and  bandwidth  as  long  as  the  minimum  beta  is  high  enough  that  the 
input  impedance  of  the  following  stage  is  large  compared  to  250  ohms. 
Usually  a device  with  a minimum  beta  greater  than  20  will  satisfy  the 
requirement.  Power  input  to  the  collector  circuit  has  been  decreased  to 
one-tenth  of  that  for  case  two.  Bias  circuits  can  be  identical,  and  the 
bias  resistors  themselves  probably  will  draw  at  most  40  microamperes. 
There  is  little  danger  of  either  oscillation  or  phase  instabilit)'  as 
long  as  good  layout  practice  has  been  followed.  Further,  the  charac- 
teristics of  the  following  transistor  amplifier  will  have  little  effect 
on  the  stage  designed. 

One  further  advantage  is  that  the  reduced  overall  impedance  level 
for  the  circuit,  even  when  the  tapped-coil  arrangement  is  used,  makes 
the  transformation  of  impedance  required  with  common-base  configurations 
substantially  easier  to  obtain.  There  is  a little-known  relation  be- 
tween tuned-circuit  Q and  step-down  ratio  which  can  introduce  circuit 
P’-oblems  when  a tapped-capacitor  "tuned  transformer"  configuration  is 
used.  This  problem  can  be  significantly  alleviated  with  the  proposed 
design  procedure. 
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I.xaiinile  II.  Dcsijjn  a power  am|)lifier  - to  operate  at  if)  Mil::.  In 
this  instance,  the  ^oal  is  to  Iniild  up  tl\e  power  level  of  uii  Kf  ‘.(njrc  e. 
Ihe  prime  option  therefore  is  obtaining  power  nuin,  to  a lesser  extent, 
voltage  gain.  Assume  a two-sta>>c  design;  let  the  voltaye  yain  for  eai  h 
staj^e  he  two,  with  the  input  signal  starting  at  10  millivolt;.,  ■|.•ll■e 

as  1 ma;  1^,,  as  5 ma.  tlhoose  the  Q value  for  the  loaded  tuned  c i n u 1 1 . 

to  he  2S.  Take  V to  he  one  volt; 
cc 


Table  IV. 

Ocsign  Data 

I’a  rameter 

Stage  One 

Stage  Two 

Units 

"1. 

50 

10 

ohms 

'b 

^ 50 

< 200 

microamperes 

R 

c 

50 

10 

ohms  (by])as:,ed 

■) 

0.4 

ohms 

Effective  L 

0.032 

0.006 

mi  crohenr  i c-s 

Effective  C 

640 

3200 

p i cofarads 

Minimum  stage  beta 

25 

25 

Clearly,  tapped  coils  or  transmission  lines  are  required,  and  the  dilTi- 
culty  of  designing  adequate  paral lei -tuned  circuits  for  very-hi gh-frequcnc> 
transistor  amplifiers  is  also  strongly  demonstrated.  Where  it  is  pos- 
sible, the  use  of  series-tuned  circuits  is  recommended. 

The  output  signal  voltage  with  this  amplifier  will  be  40  millivolts, 
and  the  variation  in  voltage  gain  of  an  amplifier  following  the  second 
stage  with  instantaneous  signal  voltage  will  be  about  four  to  one.  (The 
third  stage  would  approach  class  C operation.)  But  the  signal-frequency 
current  available  from  stage  two  in  this  semi-power  amplifier  arrange- 
ment may  be  as  much  as  two  milliamperes  rms,  or  possibly  a little  more. 

As  long  as  the  minimum  required  beta  is  available  for  the  respective 
transistors,  stable  operation  in  the  designed  mode  can  be  achieved.  A 
further  RP  design,  of  a class  C amplifier,  is  detailed  in  Appendix  B, 

Other  Applications:  Since  transconductance  as  a function  of  device 
current  is  readily  available  in  terms  of  1^  in  Equation  1,  calculation 

of  properties  of  nonlinear  circuits,  including  frequency  multipliers, 
mixers,  and  switching  circuits,  is  relatively  straight-forward.  Conver- 
sion conductance,  which  is  important  with  both  mixers  and  frequency  mul- 
tipliers, is  defined  in  terms  of  the  equation: 
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r 

1 

!l 


n 1 1;  - n ) II.  j:.  ( I I ) I 1 j 

'’c  '^mmax  iiiiiuii  iiiiax  iiimi 

V.  CONCLUSIONS 

Soino  Ilf  tho  most  important  consccpionccs  of  tlu-  described  approacli 
for  tlie  design  of  transistor  circuits,  in  addition  to  its  unicpie  benefit 
in  acluevement  of  reliability,  are  first  that  it  leads  to  an  academi- 
cal 1>'  simple  and  st  ra  i j;bt  - forward  way  of  analyzing'  the  characteristics  of 
i solid-state  devices  and  their  associated  circuits,  and  second  the  fact 

I tliat  dependence  on  a derivative  with  respect  to  a small  difference  lietwceri 

■ collector  and  emitter  currents  is  j>reatly  reduced.  I i rst -cut  estimation 

1 of  a circuit's  behavior  is  botli  simplified  and  iii.ade  mure  exact,  and  a 

better  means  for  optimizing  the  circuit  is  availaliie  because  of  the  re- 
duced importance  of  the  beta  parameter. 
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Al’I'liNDlX  A - DlilUVA'I  ION  Ol-  BASIC  K^IIAIIONS 


S i mp  I i I' i I'll  ll>i'rs-Moll  l.ipiat  ions: 


= 'bO  ^ 

'bl 

exp 

^ 'b2 

'b 

‘"b’  \ ' 

= 'cO  ^ 

'cl 

exp 

""b 

^ ‘c2 

I- 

c 

‘'^b- 

w lie  re  A = 

M/i-n  = 

(volts) 

- i 

(or  mhos  per  ampere) 

13  i ./3v,  ) 

= Al 

c 

1 exp  Av 

b 'v 

2 

(3F  /.)v,  1 
c b 

But 

1 , exp  Av 
C 1 

b = * 

c 

'cO 

'c2 

K 

c 

(Vb.  v^)  = 

I3i  /3v,  ) 
c b 

=■  kM 

+ 

c 

'c2 

) = 8m  " "^'c 

But  K = - 

^ - 

tcAi 

T 

V 

1 

c 

L 

Since  i Z 
c 

^ has 

dimensions  of 

voltage,  and  is  related 

i 5 = nV 

c 1. 

cc 

(0 

. 3 < n < 1 . 0) 

K = - riKAlV  I 
V ' c c ' 

O'"  / "kA  ^ (k)'^ 

For  bipolar  transistors,  kappa  has  a value  approximating  unity,  with 
limits  of  approximately  0.6  to  1.5.  Both  and  arc  normally 
negl igible. 

For  FF.T  devices  and  electron  tubes,  the  difference  between  I and  i 

c 0 c 

may  be  substantially  less  than  i . This  gives  a range  for  kappa  for 

-5  -2 

tliese  devices  of  from  10  to  10  . Under  specialized  conditions  the 

value  may  approach  unity  with  both  kinds  of  devices. 

j 
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ai’I'i;ni)IX  h - niisicN  oi  i:i..\ss  c amim.ii  ii.k 

SiiKo  (.•ominon  piTKticc  with  t rjns  i st  or  i ^t'll  Ul  powir  amp  I i I i cr-.  j n iIk- 
I'ast  lias  Ik'1'11  to  uso  n collector  siipjily  volta^o  as  liinh  as  second 
hrcakdoMi  and  fundamental  breakdown  for  a device  permits,  the  following, 
analssis  is  desijjned  to  evaluate  the  validity  ol'  this  practice. 

An>'  amplifier  is  to  some  extent  a feedback  am[)lificr,  and  its  op- 
ei'atinij  equation  therefore  takes  the  simplified  form; 

K=K/(1-K^K)  (III) 

V f V 

where  K is  the  overall  voltage  amj!! if icat ion,  is  the  forward  voltage 

amplification,  and  k^.  is  the  amplification  (much  less  than  unity)  for 

the  feedback  path  of  the  amplifier.  As  long  as  the  overall  value  oi  K 
as  a function  of  frequency  does  not  include  a zero  value  for  the  denom- 
inator, the  circuit  should  be  stable,  but  if  n,  i nimuni-phase  characteri-- 
tics  arc  also  required,  the  magnitude  of  should  he  as  small  as  |)os- 

sible  with  respect  to  unity. 

Because  of  the  assortment  of  stray  inductances  and  capacitances  in 
Kl-  amplifier  circuits,  it  must  he  assumed  that  if  the  magnitude  of 

can  ajiproach  unity,  unstable  conditions  can  occu.-,  and  the  phase  trans- 
fer function  of  the  amplifier  will  be  excessively  erratic  as  a function 
of  frequency.  As  a matter  of  fact,  the  existance  of  excess  phase  shift 
is  probably  the  most  sensitive  indicator  of  a potettiaiJy  unstable  am- 
plifier, one  which  might  "self-destruct." 

ffficiency  considerations  require  that  power  stages  be  ojterated  in 
the  common-base  configuration,  as  otherwise  the  ratio  of  peak  available 
energy  taken  from  the  tuned  circuit  to  loss  in  the  active  device  may  be 
as  small  as  two,  whereas  in  the  common-base  (C-B)  configuration  it  may 
be  more  than  ten.  The  point  of  conversion  from  use  of  the  common-emitter 
(C-f.)  configuration  to  the  C-B  configuration  is  this  one  of  the  critical 
point.s  in  design  of  power  amplifier  circuits  --  getting  adequate  drive 
for  the  first  C-B  amplifier  and  assuring  phase  stalility  at  the  same  time 
can  be  difficult. 

As  has  been  noted,  with  proper  design  and  layout,  it  is  possible  to 
get  stable  operation  in  the  C-f  mode  with  i nput-to-output  voltage  gains 
of  up  to  ten,  and  in  the  C-B  mode  with  gains  of  appr jximately  100  (emit- 
ter to  collector).  This  means  that  the  maximum  feedback  "gain"  in  the 
two  cases  typically  cannot  be  allowed  to  exceed  either  0.01  or  0.001. 

Ihe  feedback  paths  for  transistors  at  high  frequercies  are  lU'incipally 
capac i tances , and,  particularly  in  the  C-l;  mode,  these  may  be  substan- 
tial. there  are  both  intrinsic  capacitances,  those  inherent  in  the  junc- 
tion themselves,  and  parasitic,  those  due  to  case  and  w.ring.  Any  of 

2.S 


t lu'M'  I I t.iiuos  (.Mil  provi'  ti)  1)0  oritioal  I ti  aii.  nivcii  ,i|)|)  I 1 1 .1 1 i un  . 
ri\o\  ,iro  pa  I't  i oil  I a r I > sovori-  in  tlio  I'.-r.  mode,  siikc.  thori-  1 no  illci 
ti\o  isi'latu)n  hotwoon  input  and  output,  and  noiil  ta  1 1 ra  t i on  or  on  1 I a 1 
i' iM  I i .;a  t i on  is  ditlionlt  to  aohiovo  hi’oaiiso  ol  t lie-  ».  oiiip  1 ex  i t y ol  1 In 
orpiivalont  oii'oiiit  in  this  con  I'i  n'nai  t i on  . 

With  exist  iiij;  values  of  fcodhack  capacitances,  tire  only  avnilahli 
a|iproaches  to  limiting  kj.  are  really  three,  namely,  resonat  j ng,  the 

capacitance  in  a parallel  mode  to  ri'duce  coupling,  ni'tit  ra  1 i :a  t t on  , and 
I'ednct  ion  of  in|nrt  and  output  effective  impedance  levels.  Of  tin  three 
the  reduction  of  the  effective  impedance  level  is  often  the  onl>  viable 
a|iproach  whci  o phase  stability  and  absence  of  potential  parasitics  .are 
imiiortant . 


I'heory  shows  that  for  maximum  effective  bandwidth  for  a chain  of 
amplifiers  using  discrete  circuit  elements  in  the  presence  of  Miller 
capacitance,  stage  voltage  gains  between  two  and  three  are  optimum.  In 
practice,  other  considerations  may  apply,  with  the  result  that  voltage 
gains  tvpically  should  not  exceed  ten  to  twenty  overall  (input  tv)  input) 
a t t he  mi)st  . 


1 1)1-  efficient  operation  of  a transistor  in  a class  C amplifier,  it 
is  essential  that  the  co 1 1 ec tor-to-em i t t or  voltage  be  as  small  as  pos- 
sible vluring  the  current  pulse  which  "charges"  the  frequency-determining 
components  of  the  circuit.  ihe  supply  voltage  then  must  be  sufficient 
to  produce  this  voltage  at  peak  current  with  the  allowed  value  of  loavled 
tuned  imjiedance. 

When  the  operating  load  line  for  these  conditions  is  established  for 
a class  i:  am])lificr,  it  appears  that  somewhat  as  sketched  at  "|i"  in 
figure  B-1.  The  dotted  section  develops  as  a result  of  energy  exchange  in 
the  frequenc}'  stabilising  circuit.  The  actual  load  contour  starts  ini- 
tially through  the  point  and  within  "Q"  cycles  has  essentially  moved 

to  the  indicated  location.  (Strictly,  an  elliptic  load  contour  is  gen- 
erated, leading  to  energy  storage  which  is  vital  in  circuit  operation.! 

The  shift  in  load-line  position  is  accounted  for  in  the  evpiat ion  for  V 

k'  0 

in  .\])pendix  1 by  the  eta  factor,  which  may  have  a value  as  small  as 


Ihe  direction  of  traversal  of  the  ellijitic  load  contour  is  indicated 

by  the  arrowheads  on  the  graph.  As  the  coupling  to  the  load  is  tightened, 

the  resistive  axis  of  the  load  line  shifts  as  from  A to  b for  a properly 

selected  value  of  V , and  as  from  A'  to  |i'  for  an  excess  voltage  situation, 
c c 

When  the  transistor  amplifier  is  being  ojierated  near  its  i itiav 

be  necessary  to  increase  the  selected  value  of  V sufficient Iv  to  assure 

cc 

that  the  load  contour  is  property  located  with  respect  to  existing  f^^^  ^ 
contours.  Ihis  condition  in  fact  may  indicate  that  the  device  chosen  is 


J() 


I 


not  •iiit.il'U'  lor  t ho  iiitondoil  .1  pp  I i o;i  t i on . Ivhoi'o  po:.-.  1 h 1 c , -.in  li  .1  uli  ii.i 
lioo*;!  lion  111  ho  nvoiilod. 

riio  important  [loint  to  note  Iroiii  t ho  attaolioil  plot  is  that  with 
"matohi'ii  I nipoilanoos , " the  voltajic  powi'r  ampliliti-  (a-,  shoviit 

l>y  li")  ipiiokly  liovolops  a inaximiiin  value  so  j;reat  tliat  ..tahiliti  oati  no 
loiijjor  ho  assurod.  As  t Ito  imiJcdance  is  reduced  throupji  loading  to  a . air> 
stability,  the  transistor  power  i n|)ut  increases  and  at  the  same  turn  thi- 
power  output  at  the  chosen  out]-)ut  frecpiency  may  doctoase.  Ihc  oiil\  wa>’ 
this  situation  may  ho  avoided  is  hy  the  selection  ol  a reduced  value  of’ 
oollootoi'  siippl)’  volta>;o. 
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Ik't'onso  Documcntat  ion  (ientcr 
ATTN:  DDC-rCA 
l!anioron  Station 
AloxanJria,  VA  22S14 

I'iroctor  of  Defense  Research 
and  Engineering 
ATl'N:  Mr.  Jerome  i’ersli 

Mr.  Ray  Thorkildsen 
Rm  .SD,  1089  - The  Pentagon 
Washington,  DC  20301 

Director  of  Defense  Research 
and  Engineering 
AFTN:  Mr.  l.eonard  Weisberg 
Rm  5D,  1079  - The  i’entagon 
Washington,  DC  20301 

(U  rector 

Defense  Advance  Research 
f’rojcct  Agency 

ATTN:’  DARPA-TTO  (Dr.  L.  Blase) 
1400  Wilson  Boulevard 
Arlington,  V.A  22209 

Di rector 

Defense  Nuclear  Agency 
AITN:  Mr.  Peter  Hass 
Washington,  DC  20305 

Defense  Intelligence  Agency 
ATTN:  nB-4Fl  (Mr.  Johnny  A.  Hall) 
Washington,  DC  20301 


No.  of 

Co]i  i e s (1  rgan  i za  t i o n 

1 Commander 

HS  Army  Materiel  Development 
and  Readiness  Command 
ATTN:  DRCEDC  (Mr.  T.  Shi  rata} 
5001  Eisenhower  Avenue 
Alexandria,  VA  22333 

1 Commander 

US  Army  Materiel  Development 
and  Readiness  Command 
ATTN:  DRCSA-.IS  (COI.  Henne) 
5001  Eisenhower  Avenue 
Alexandria,  \'A  22333 

1 Commander 

US  Army  Aviation  Research  and 
Development  Command 
P.  0.  Box  209 
ATTN:  STSAI-AMC-2 

(Mr.  1).  Weller) 

St.  Eouis,  MO  b3\b(i 

1 Commander 

US  Army  Air  Mobility  Research 
and  Development  Laborator>' 
/\mes  Research  Center 
Moffett  Field,  CA  94035 

2 Commander 

US  Army  Electronics  Command 
ATTN:  DRSEE-CG-EM 

(Mr.  A.  Croce] 

(Mr.  Bernard  Reich) 
Fort  Monmouth,  NM  07703 


f 


Commander 

US  Army  Materiel  Development 
and  Readiness  Command 
.ATTN:  DRCDNU-ST 
5001  Eisenhower  Avenue 
Alexandria,  VA  22333 


Commander 

US  Army  Electronics  Command 

ATTN:  DRSEL-RD 

Fort  Monmouth,  KJ  07703 


No.  of 
t!oj>  i os 


Oi-u.mi  .;;it  ion 


1 iloiniiiaiKli' I’ 

II.S  Anil)  I I t'oT  roil  i os  iv.ii  l'.iro  J,.il> 
AI  TN:  PK.Sl  l.-WL-Ml., 

M.s.  .).  Artluir 
Uhito  SanJs  Missile  Ranee 
NM  S«0l)J 

1 Commander 

II.S  Arm)'  Missile  Research 
and  I'oxelopment  Ckimmaiul 
ATTN:  PRPMl-R 
Redstone  Arsenal,  AT  .SSSOP 

1 Commander 

US  Army  Missile  Research 
and  Ueve lopment  llommand 
AITN-  URCPM-Rk.  COT  .1.  Ton 
Redstxine  .Arsenal,  AT  .A.SSd!) 

1 I'ommander 

US  .Army  Missile  Research 
and  Ueve  lopment  liommaiui 
AITN:  Ur.  .lohn  T.  McUaniel 

Redstone  .Arsenal,  AT  .SSSUU 

1 Commander 

US  Army  Missile  Materiel 
Readiness  Command 
ATTN:  URCPM-llAT.T  , T.St  rami  olio 

Redstone  .Arsenal,  AT  .x580‘.) 

1 Commander 

US  Army  Tank  Automotive 

Research  ^ Uevelo]xment  Cmd 
.ATTN:  URUTA-RKT 
Warren,  MI  48090 

.S  Commander 

US  .Army  Mobility  Ecpiipment 
Research  d Development  Cmd 
ATTN:  Tech  Docu  Cen , Bids  .81.8 
PRSME-RZT 

UR1)MT-F.,  Mr.  Barker 
Fort  Bel  voir,  VA  22000 


I i I'S  ()  I'pan  ic.it  ion 

1 ( ^iiiuiMiidi.' r 

US  Aril))'  Aniiaiiienf  ,M.iI  i r i c 1 
Read i ness  ( ommand 
AITN;  URSAR-TTP-T 
Rock  Island,  IT  ()12'.)9 

2 (iommaiider 

US  Arm)'  Uiiouay  Prox  inp  Croiind 
AITN:  SITUP-M'I -S 

.Mr.  .lohn  IretluxNev 
STTliP-SC, 

Ur.  Rothenhery 
Uiinnay,  III  84022 

1 tiommander 

US  Army  Harr)'  Uiamond  I .iTs 
ATTN:  UR\I«)-'I  I 

2800  Powtier  Mill  Roa.l 
Adel  phi,  MU  2078.8 

2 Director 

ITS  Army  Materiel  and 

Mechanics  Research  (ienter 
AITN-  URXMR-R,  Ur.  ti.  Ihomas 

DRXMR-RU,  Ur.  R.  shiiford 
Watertown,  MA  021 "2 

1 Director 

ITS  Array  Iorei);n  Science 
and  Technoloj;)'  Center 
•ATTN:  DRX.ST-Sub,  Dr.  I.  Mounter 
220  7th  Street,  NT 
Charlottesville,  \A  22902 

1 Project  Manager,  ARTAT'S 

■ATTN;  DRCPM-'IDS-PT,  II.  II.  Bahr 
Fort  Monmouth,  N.)  0“"08 

1 Project  Mana);er 

Mobile  Electric  Power 
AITN:  DRCPM-MTP-T,  J.  Wasdi 
7500  Back  lick  Road 
Spr  i n);f  i e I d , \ A 22150 
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No.  ol' 
l!op  i_cs 


Ofgaii  i zat  ion 


No.  ot' 
l.oj^i  os 


1 I'ii'ootor 

ll.S  Army  IKADtX;  Systoms 
Analysis  Activity 
AT  IN:  ATAA-SI.,  I'cch  Lib 
White  Sands  Missile  Uangc, 

NM  881)02 

1 l!ommanJor 

IIS  .\riny  I'iold  Artillery  Sciiool 
AITN:  " M\.J  Moore 
I'ort  Sill,  OK  7.1  .SOI 

1 IIQD.A  [D.AMA-CSM-CA, 
l.TC  M.  ToMisend ) 

Urn  .SO,  44.S  - rhe  I’entaKon 
Wasliington,  DC  20.i01 

1 Arm>’  llcsearcli  Office 

ATTN:  I)RXR0-I;L  (Dr.  J.  Suttlel 
P.  0.  Bo.\  12211 
Research  Triangle  Park,  NO 
27^09 

I Oommander 

Tlectro  Magnetic  Compatibility 
.Analysis  Center 
ATTN:  MAJ  Fred  Went  land 
Parole  Plaza 
Annapolis,  Ml)  21402 

1 Naval  Material  Command 
ATTN:  Code  NAVMAT-08T  224 

(CDR  James  D.  Tadlock) 
IVas/iington , DC  20362 

2 Commander 

Naval  Air  Systems  Command 
,ATTN:  NAVAIR  350 

(Mr.  F. . Fisher) 

NAVAIR  350D 

(Mr.  11.  Benefiel) 
Washington,  DC  20560 


4 Commander 

ll.S  Naval  Sea  .Systems  (!omm.iiid 
AITN:  SI.A  035  (Mr.  I..  Cat  hers) 

SI;A  0351  (Mr.  (i.  Pohler) 
SI.A  08  ( Mr.  .) . Ora  i g ) 

SPA  035  (Mr.  C.  Sorkin) 

Rm  10510,  National  (!tr  No.  3 
Washington,  DC  2I)3()2 

1 Comm.ander 

Naval  Intelligence  Suiiport  Cen 
ATTN:  Mr.  II.  F . St.  Aubin 
Washington,  DC 

2 Commander 

IIS  Naval  Ship  engineering  Cen 
ATTN:  Code  ()in5D  (Mr.  .1.  Sinskyi 
Cen  Bldg,  Prince  Ceorges  Cen 
llyattsvi  1 lo.  Ml)  20782 

1 Commander 

David  W.  lay  lor  Naval  Ship 
Research  and  Dev  Center 
.ATTN:  Code  278  (Dr.  II.  Boroson) 
Annapolis  Laboratory 
Annapolis,  MD  21102 

1 Naval  Safety  Center 
Naval  Air  Station 
Code  13  (CDR  B.  R.  Broxles) 
Norfolk,  VA  2.3511 

6 Commander 

IIS  Naval  Surface  Weapons  Cen 


.AITN:  Mr. 

C. 

Cal laher 

Mr. 

B. 

Steinbach 

Mr. 

R. 

1..  Hudson 

Dr. 

. R. 

Amador i 

Mr. 

D. 

Ma  rker 

Mr. 

, R. 

,1.  Pole  ha 

Dahlgrcn , 

VA 

22448 

1 Commander 

US  Naval  Surface  Weapons  Cen 
ATTN:  Mr.  Chari e.s  Peer 
Silver  Spring,  MD  20910 
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(.'ommanJcr  .i 

US  Naval  Wca]wns  fonter 
AfTN:  fodc  4071  (Mr.  Ualloway) 
(Mr.  Ken  Moore) 

(Mr.  II.  M.  l.arson) 
fhiiia  Lake,  LA  1 

J llommander 

US  Naval  Ue.scarcli  Laboratory  1 
ATTN:  tode  0170 

(Mr.  N.  I..  Jarvis) 

(Mr.  li.  Bolster)  I 

Wasliiiigton,  DC  20.i75 

1 USA17RDPC  (MAJ  R.  Hal  dor)  1 

Room  4D257,  Tlic  Pontason 
Kasliiiijiton , DC  JO.S.iO 

1 

1 USA17RDQRM  (MAJ  li.  Shal  1 enberger ) 

Rm  5D,  272  - Tlie  I’cntagon 
Ivash  i ngton , DC  20.'i.'50 

1 Al'OSR  (Mr.  George  Knausenberger ) i 

Andrews  AFB,  DC  20534 

1 AfSC/XRLW  (CPT  Larry  Curtis) 

Andrews  AFB,  DC  20334  1 

I ADTC/DLJW  (Mr.  D.  Glendenning) 

Lglin  AFB,  FL  32542 

1 

1 Commander 

USA  Aerospace  Defense  Command 
ATTN:  DOV  (COL  IV.  R.  Davis)  1 

Fnt  AFB,  CO  80912 

1 R.ADC/RBTC  (Mr.  .1.  Parry) 

Griffiss  AFB,  NY  13441  1 

1 .AFLC/AQE  (Stop  22) 

ATTN;  Mr.  Henry  M.  Pickard 
tlanscom  .AFB,  MA  01731  1 

1 LSD/XRIdl  (COL  P.  Tsouprake) 

llanscom  AFB,  MA  01751 

1 


Oi'gaii  i cat  ion 

RAD(7I  I (Dr.  J.  K.  Schindler) 
(Dr.  R.  Newburgh) 

(Dj'.  R.  Pa[)pa) 
llanscom  AI  B,  MA  0)731 

AFIVI./NXS  II.  I Lloyd  I,.  I.iit.-.,  Jr.  ) 
Kirtland  AIB,  NM  H7II7 

rA(7DRA  (MAJ  Breen  1 
Lan;'. ley  AIB,  VA  233()5 

AFISC/SLFB  (MA.J  1.  AlJoca) 
Norton  AFB,  CA  92409 

SAMSO/MNNII  (I.TC  Dean  Kempt  on) 
Norton  MB,  CA  92409 

Commander 

HQ,  Strategic  Air  Command 
ATTN:  XPFS  (CPT  .) . K.  Riggs) 
Offutt  AIB,  \B  08815 

Dot  1 (CliLDO)  HQ  AinC/C.NI 
ATTN:  (iPT  Larry  Strother 
Tyndall  AFB,  FL  52403 

AFAL/XP-1  (Mr.  John  1).  Parker) 
IVright-Patterson  AFB,  OH 
45433 

•AFAL/DllF,  (Dr.  11.  Hennccke) 
Wright -Patterson  AFB,  OH  45433 

AFLC/MAXP  (Mr.  R.  Bennett) 
Wright-Patterso.i  AFB,  OH 
45435 

AFLC/lGYli  (Mr.  K.  .Sopher) 
Wright-Patterson  AFB,  OH 
45433 

AFLC/MAX  (COL  M.  T.  Smith) 
Wright-Patterson  AFB,  OH 
45433 

AFML/MBC  (Mr.  W.  H.  Gloor) 
Wright-Patterson  AFB,  OH 
45433 
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Oi^oii  i :;it  ion 


No.  of 
(loj)  i os 


()rj',.in  i r.;i  f i on 


2 ASI)/r.N.\MA  (Mr.  Victor  Mornts; 
Mr.  K.  I,.  Itonj^oss) 

Wri  i;lit-l’;irtorson  AI  B,  Oil  l.^v'l.S.'S 

1 liNASB  (Mr.  R.  L.  Wirt) 

Wi- i.nlit -I’nt  tcrson  Al’B,  Oil 

1 ITI)/i;TI:T  (Mr.  C.  Butler) 
Wright-l'atterson  AIB,  Oil  4.S4.';.'^ 

1 S.AMSO/XRSS  (l/r  l•'ern;lndoz j 
l.os  Angelos,  CA  ;)0()09 

1 Hi  root  or 

National  Aeronautics  and 
.Space  Administration 
•ATTN:  Mr.  George  Dcutscli 
nir.,  I’l-ogram  .Assurance 
Gode  Z 

Washington,  DC  2()54(-) 

1 National  Aeronautics  and 
Space  Administration 
Langley  Research  Center 
Mail  Stop  226  (Dr.  Vernon  Bell) 
Hampton,  VA  Z.SPfaS 

1 MB  Associates 

ATTN:  Mr.  George  Danek 
P.  0.  Bo.x  196 
Bol 1 inger  Canyon  Road 
San  Ramon,  CA  94583 


1 McHonnoll  Douglas  Coipor.il  i on 

A ri'N : Mr.  Roy  .luergons  (Dept  2 17) 
P.  0.  Box  51() 

.St . Lou  i s , MO  ()3  1 ()() 

3 MITRL  Corporation 

ATTN:  D-82  (Mr.  P.  W;na  , li  . , 

Dr.  V.  Vickers;  Dr.  M.i  rt  i nc  I I i 
Mail  Stop  L-()35 
Bedford,  MA  01730 

I TRW  (RI/2I62J 

ATTN:  Dr.  Paul  l.iehermann 

One  Space  Park 

Redondo  Beacli,  C.A  90278 

3 engineering  Lxperiment  Station 
Georgia  Institute  of  lech 
ATTN:  Mr.  Lloyd  Lilly 
Mr.  Lee  L.dwards 
Mr.  Harold  Lnglei- 
Atlanta,  GA  30332 

.A1  lejrd e en  I ’rov  i ng  _( Iroi i^d 

Marine  Corjis  I.n  Ofc 
Dir,  HS/AMSAA 

ATTN:  DRXSY-GS  (Mr.  B.  king) 
Cdr/Dir,  CSL,  Bldg  1:3330 
ATTN:  DRDAR-CLW-C 

(Dr.  W.  Magee) 

Cdr,  IISALHA,  Bldg  L2100 

ATTN:  HSL-O  (LTC.I.  Hathaway) 


